Introduction
With 302 neurons and a fully reconstructed connectome, Caernohabditis elegans is an ideal organism to study the relationship between network structure, network dynamics, and behavior.
Since nearly its entire behavioral repertoire is expressed through movement, understanding the neural basis of locomotion is especially critical as a foundation upon which analyses of all other behaviors must build. C. elegans locomotes in an undulatory fashion, generating thrust by propagating dorsoventral bends along its body. How these rhythmic patterns are generated is not yet understood. Two hypotheses have been proposed [1] [2] [3] : oscillations through stretch-receptor feedback and oscillations through central pattern generators (CPGs). Of these, the hypothesis that has been explored in most detail is the stretch-receptor hypothesis [4, 5] .
While CPGs are involved in animal locomotion in many organisms, from leech to humans [6] [7] [8] [9] [10] , their presence in C. elegans has been questioned on two accounts. First, there has been evidence for the role of stretch receptors in propagating the oscillatory wave posteriorly along the body [5] . However, the CPG hypothesis cannot be discarded based purely on the participation of stretch receptors. Even with their involvement, intrinsic oscillations remain a possibility in the worm. Second, although no pacemaker neurons are known to exist in C. elegans [11] [12] [13] [14] [15] , the possibility of a network oscillator is still feasible. However, work in the locomotion literature has claimed that the synaptic connectivity of the VNC does not contain evident subcircuits that could be interpreted as local CPG elements capable of spontaneously generating oscillatory activity [e.g . 5] . With a fully reconstructed connectome, the question of whether such subcircuits exist can be explored more systematically through computational models.
In order to explore the possibility of CPGs for locomotion, we developed a computational model of a neural circuit representing one of several repeating neural units present in the VNC (Figure 1 ). Although the nematode is not segmented, a statistical analysis by Haspel & O'Donovan of the motorneurons in relation to the position of the muscles they innervate revealed a repeating neural unit along the VNC [16] . Each neural unit comprised 2 DA, 1 DB, 2 AS, 2 VD, 2VA, and 1 DD motorneurons and a set of interconnecting chemical synapses (→) and gap junctions (⊢ ⊣) (Figure 1 ). In our computational model, the DD motorneuron was omitted based on its connectivity and lack of involvement in preliminary experiments. Although not all the the connections in this statistically-repeating neural unit are present throughout the VNC, we used it as a starting point for our study of intrinsic oscillations.
What prevents us from knowing whether this neural unit is capable of intrinsic oscillations?
And if so, whether the oscillations can be modulated to resemble traces during forward and backward locomotion? The physiological parameters of this neural unit are largely unknown, including the synaptic strengths and polarities of the chemical synapses, the strengths of the gap junctions, as well as the intrinsic physiological properties of the motorneurons. Therefore, we used an evolutionary algorithm to explore the configurations of the parameters that allow for an intrinsic oscillation in the neural unit so as to match the main features that have been experimentally observed in neural traces of forward and backward locomotion. As the model does not include muscles or mechanical parts of the body, we focused on the patterns in the neural traces of the A-and B-class motorneurons as a proxy for evaluating forward and backward movement. Based on observations by Kawano et al. (2011) [17] , we modeled command interneuron input to motoneurons as constant external inputs that could be switched ON or OFF (red and blue connections, Figure 4A ). Finally, by running the evolutionary algorithm many times with different seeds, we consider not just one possible configuration for the parameters of the neural unit, but as many variations as possible. As far as we are aware, this is the first attempt to explore the feasibility of CPGs in the VNC of C. elegans.
Methods

Model.
Neuroanatomical unit. We developed a model of a repeating neural unit in the ventral nerve cord (VNC) proposed in [16] (Figure 1 ). The neural unit is based on an analysis of repeating patterns of connectivity along the VNC and a re-alignment of the motorneurons along the anteroposterior axis according to positions of the muscles they innervate. The repeating neural unit proposed in their analysis includes motorneurons: AS, DA, VA, DB, VB, DD, VD. All neuron classes, except for DD and DB, comprise a pair of neurons: one anterior and one posterior. Our model of the circuit introduced a few simplifications (Figure 2A ). First, we removed any connection that was not anterior-posterior symmetric (e.g., VB→VD). The motivation for this simplification was to start with the simplest version of the repeating neural unit and add connections only if the locomotion pattern was not possible using the simpler version. Second, we removed the DD neuron from the model because it only contained one outgoing chemical synapse (i.e., DD→VD). Once the anterior-posterior symmetry was imposed, DD was left with no connections to the rest of the neurons in the unit. Third, the model does not include muscles or neuromuscular junctions. Fourth, because our model only encompasses a single neural unit, connections across different neural units were not included in our model.
Finally, we did not take into consideration the number of synapses per connection, as there is no known relationship between the number of synapses and the strength of a connection.
Neural model. Following electrophysiological studies in C. elegans [12, 18] , motorneurons were modeled as passive, isopotential nodes with the ability to produce regenerative responses, according to:
where y i represent the membrane potential of the i th neuron relative to the resting potential, τ i is the time constant, w ji corresponds to the synaptic weight from neuron j to neuron i, and g ki as a conductance between cell i and j (g ki > 0). The chemical synaptic output of the neuron j was modeled as a sigmoid function σ(x) = (1 + e −x ) −1 of the membrane potential shifted by a bias term θ j . The model assumes electrical synapses in C. elegans are nonrectifying. The circuit was simulated using the Euler method with a time step of 0.0025.
Our neural model has the capacity to reproduce qualitatively the range of electrophysiological properties observed so far in C. elegans neurons [12, 18] (Figure 2 ). The model can reproduce the passive activity that has been observed in some neurons (e.g., AVA): linear voltage response to depolarizing current ramps and a graded return to resting potential in response to current steps ( Figure 2A ). Through the increase of the strength of the self-connection, the model is also capable of reproducing the bistable potentials found in some neurons (e.g., RMD). The voltage response to depolarizing current ramps is initially linear, but then becomes regenerative, leading to a plateau potential ( Figure 2B ). We also found that depolarizing current steps were sufficient to generate long-lived plateau potentials, as in RMD neurons. On cessation of the current step, the voltage relaxed to a different steady-state value from the initial resting potential ( Figure   2D ), also as in RMD neurons.
Interneuron inputs. Interneuron control of locomotion direction depends on a relatively complex interaction between electrical and chemical synapses [17] . While deletion of no single command neuron disrupts forward or backward locomotion entirely, deletion of AVA and AVB produce the most significant phenotypes [19] . During forward locomotion, AVB activity is active, while AVA is suppressed. During backward locomotion, the opposite is true: AVB is suppressed, while AVA is active. The activity of AVB and AVA is transmitted to B-and A-class motorneurons, respectively [17] . Accordingly, we modeled interneuron control of locomotion as a binary external input over A-and B-class motorneurons. During the simulation of the circuit, we refer to forward locomotion when the B-class motorneuron receives external input from AVB and the A-class motorneuron does not receive input from AVA. We refer to backward locomotion when the B-class motorneuron receives no external input from AVB, and the A-class receives external input from AVA.
Evolutionary optimization. The parameters of the model were evolved using a genetic algorithm. were evaluated using three functions that capture the main three features of the in-vivo calcium recordings for these motorneurons during forward and backward locomotion [17, 20] . Total fitness for an individual corresponded to the multiplication of the three components:
Oscillation criterion. Intrinsic oscillations were measured by evaluating the total change in the derivative of the output in A-and B-class neurons by:
where
O N , otherwise [4] and
where A is the optimal oscillation amplitude as A = 0.3 and dN represent the rate of change of the output of neurons in {DB, VBa, VBp} for forward locomotion, and {DAa, DAp, VAa,
VAp} for backward locomotion. T is the simulation time length.
Phase criterion. Dorsoventral out of phase oscillations were evaluated by measuring the difference in sign between the derivatives of the dorsal and ventral outputs, according to:
where dV and dD represent the rate of change of the output of ventral and dorsonal motorneurons, from the set {(VBa, DB), (VBp, DB)} for forward locomotion and {(VAa, DAa), (VAp, DAp)} for backward locomotion.
Dominance criterion. The dominance of A-and B-classes during forward and backward locomotion was assessed by measuring three components: the minimum output value in the dominant neuron class, the maximum output value in non-dominant neuron class, and the amplitude of the oscillation in the dominant neuron class. The third fitness component was calculated by the multiplication of these three components:
where F 3A corresponds to an evaluation of the minimum output value during activation, as measured by: [8] where N represents the neuronal output of neurons in {DB, VBa, VBp} for forward locomotion and neurons in {DAa, DAp, VAa, VAp} for backward locomotion. F 3B corresponds to an evaluation of the maximum output value in the non-dominant neuron class, as measured by:
where N is the output of neurons {DAa, DAp, VAa, VAp} for forward locomotion and neurons in {DB, VBa, VBp} for backward locomotion. Finally, F 3C corresponds to an evaluation of the amplitude of the oscillation in the dominant neuron class, as measured by:
where N is the output of neurons in {DB, VBa, VBp} for forward locomotion and neurons in {DAa, DAp, VAa, VAp} for backward locomotion. For all three components, we used a non zero, smooth function in the range [0,1], which is maximal when x = x 0 :
by a constant input. As the constant input that better substitutes the dynamic input for a given synapse is unknown, we evaluated each one of the circuit in the ensemble on a batch of 1000 different constant inputs when studying chemical synapses and 2000 values for electrical synapses. From this batch of simulations, we selected the best fitness achieved in forward and backward locomotion independently.
Results
VNC neural unit can intrinsically generate locomotion-like oscillations.
The C. elegans locomotion pattern can be characterized by three features that any putative CPG must exhibit: (1) oscillation criterion: the A-and B-class motorneurons oscillate [13, 17, 20] ;
(2) phase criterion: the dorsal and ventral oscillations in each class of cells occur in antiphase in order to drive the alternating dorsoventral bends responsible for locomotion [17, 20] ; (3) dominance criterion: B-class activity exceeds A-class activity during forward locomotion, whereas A-class activity exceeds B-class activity during backward locomotion [13, 17] . Each of these features become a term in the measure of locomotion performance that we optimized. In total, 1000 optimizations with different initial random seeds were run. The best-performing circuit obtained from each run forms a solution ensemble whose properties we study in this paper.
The breakdown of the ensemble with respect to the three individual criteria is as follows.
With respect to the oscillation criterion, over 80% of the ensemble exhibited oscillations in at least one neuron ( Figure 3A) . Specifically, 511 solutions fulfilled the criteria for forward locomotion, 463 solutions fulfilled the criteria for backward locomotion, and a total of 308 solutions achieved oscillations for both forward and backward locomotion. With respect to the phase criterion, over 78% of the circuits in the ensemble exhibited DB/VB antiphase during forward locomotion, whereas over 46% of the circuit exhibited antiphase in DA/VA neurons during backward locomotion ( Figure 3B ). Finally, with respect to the dominance criterion, 81%
of the solutions exhibited the proper relative magnitude between the A-and B-class neurons, with B-class activity dominating during forward locomotion and A-class activity dominating during backward locomotion ( Figure 3C ).
We found that over 11% of the circuits in the ensemble satisfied all three criteria, demonstrating that the repeating neural unit in the VNC is indeed capable of intrinsically generating worm-like locomotory oscillations that can be switched between a forward and backward mode by appropriate AVA and AVB command neuron input ( Figure 4) . Interestingly, when the model circuit is driven by realistic AVA/AVB input taken from calcium imagining of freely moving worms (see Figure 1F in [17] , reproduced in Figure 5A ), it produces realistic-looking motor output (compare Figure 5B to Figure 2A in [17] ). Specifically, the model maintains all three locomotion criteria throughout the trial, with smooth transitions in dominance between A-and B-class motorneurons that correlate with AVA and AVB activity.
Operation of the Best Evolved Circuit.
Given that the possibility of a CPG in the VNC has not been seriously considered in the literature, it is interesting to examine how this feat is achieved. Accordingly, we next analyze the circuit with the best overall performance in the ensemble ( Figure 4A ). This circuit ranked 1 st on the oscillation criterion, 12 th on the phase criterion, and 11 th on the dominance criterion.
First, we characterize a dorsal subcircuit that serves as the core oscillator driving the locomotion pattern. We then determine how these dorsal oscillations propagate to the ventral motorneurons to produce antiphase oscillations. Finally, we show how the remaining connections in the circuit fine-tune the features of the observed pattern.
A dorsal core subcircuit capable of oscillations. How does the best circuit in the ensemble produce oscillations? Since no pacemaker neurons are known to exist in C. elegans [11] [12] [13] [14] [15] and we included no such neurons in our model, the circuit must contain a network oscillator, that is, a subcircuit of neurons that collectively generate a rhythmic pattern through their interactions.
Systematically ablating classes of neurons revealed a dorsal core subcircuit consisting of AS-, DA-, and DB-classes capable of generating oscillations (top half of the circuit in Figure 4A ). No other oscillatory subset of neuron classes was identified. In fact, further analysis demonstrated that either half of this dorsal subcircuit could oscillate in isolation, as long as appropriate tonic inputs to DA and DB were substituted for the missing neurons in order to maintain these neurons within their operating ranges ( Figure 6A1 ). Interestingly, this dorsal core subcircuit includes the two classes of motorneurons that have been most strongly implicated in locomotion (A-and B-) [13, 19] , as well as another class (AS) that has not yet been well studied experimentally.
The operation of this dorsal core subcircuit is straightforward to explain. AS is bistable and intrinsically active (i.e., in the absence of input it adopts its maximum value), whereas DA and DB are monostable and intrinsically inactive (they adopt their minimum values in the absence of input). At the beginning of a locomotion cycle, AS is active and both DA and DB are inactive ( Figure 7A , stage 1). Since AS excites DA, activity in the former begins to activate the latter (stage 2), which in turn excites DB, activating it as well (stage 3). But, since DB inhibits AS, its activity switches AS off (stage 4), removing the source of excitation that maintains DA and DB. As activity in DA fades (stage 5), so does activity in DB (stage 6).
As AS is released from inhibition the cycle repeats, creating a CPG.
The operation of the dorsal core subcircuit is qualitatively the same for forward and backward locomotion ( Figure 7B Figure 6B . Note that, once again, tonic compensatory input to VD and VA are required in order for these neurons to remain within the appropriate operating range.
Fine-tuning the pattern. The only significant difference remaining between the oscillation pattern of the minimal functional subcircuit ( Figure 6B ) and that of the full circuit ( Figure 4 ) involves VA. As in the worm [13, 17] , during backward locomotion in the full circuit the minimum activity of VA remains quite high. However, in the minimal functional subcircuit, the minimum VA activity falls to almost zero under the same conditions ( Figure 6B2 ). We found that we could restore the amplitude of VA activity only by including the gap junction DA⊢ ⊣VA and the inhibitory chemical connection VD→VA. Interestingly, the shape and amplitude of the VA oscillation cannot be simultaneously maintained by tonic substitution alone; phasic interaction is required. With these connections ( Figure 6C ), the minimal functional subcircuit is capable of producing a pattern that satisfies all three locomotion criteria and is nearly identical to that of the full circuit. Finally, the contributions of the rest of the components in the full circuit were minor, meaning that they could be substituted by compensatory tonic input without drastic changes to the locomotion criteria.
Variations in the ensemble.
The analysis in the previous section demonstrates in detail one way in which a CPG could operate in the VNC of C. elegans. However, the experimental constraints are sufficiently weak at present that many other circuit configurations may also be consistent with the observed neuroanatomy, making it difficult to draw general conclusions from this single example. Fortunately, our ensemble of 110 solutions (i.e., 11% out of the 1000 solutions obtained from optimization runs with different initial random seeds that satisfy all three locomotion criteria) represents a significant sample of the space of possibilities. In this section, we examine the operation of this entire set of solutions, with a particular focus on similarities and difference with the best evolved circuit.
Dorsal core subcircuit. In the best circuit, the dorsal motorneurons AS, DA and DB serve as the core pattern-generating subcircuit. How common is this core subcircuit in the ensemble?
We found that this same set of neurons drives the locomotion pattern in 108 out of the 110 solutions ( Figure 9A ). In addition, as in the best circuit, AS is bistable in 83.6% of the solutions, whereas the A-class and B-class motorneurons were only bistable 3.6% of the time. Of the two solutions that did not utilize the dorsal core subcircuit to generate oscillations, one was driven by a ventral oscillator comprised of the pair VA-VD (ranked 32 out of 108) and the other circuit required all neurons except for AS to produce oscillations (ranked 91 out of 108).
However, despite the near-universal appearance of dorsal core oscillators, we do find variations in synaptic polarity within the ensemble. Four motifs of dorsal core subcircuits were identified ( Figure 8A ), with the best circuit having Motif II. Motifs I, II and III all contain two excitatory synapses and one inhibitory synapse, differing only in the placement of the latter. Motif IV, in contrast, contains only inhibitory synapses. The four motifs also exhibit neural activity patterns which are consistent within each motif but differ across motifs ( Figure 8B ). Note that DA and DB (yellow and green traces) oscillate nearly in phase in Motifs I and II (in which the DA→DB connection is excitatory), whereas they oscillate out of phase in Motifs III and IV (in which the same connection is inhibitory).
These four motifs were not equally represented across the ensemble ( Figure 8C ). Motifs I and II occur much more frequently than the other two, accounting for 75.9% of the solutions altogether. In addition to being the most represented, solutions with Motifs I and II had on average higher fitness than solutions with Motifs III and IV ( Figure 8D ). The other four logically possible combinations of excitation and inhibition among dorsal motorneurons were not observed in the ensemble.
Dorsoventral coordination.
In the best circuit, dorsal oscillations propagate to ventral motorneurons in an antiphasic manner via the chemical synapse AS→VD, and then from there to VA and VB via VD⊢ ⊣VA and VD→VB, respectively. How common were these patterns in the ensemble?
We found that the AS→VD chemical synapse was necessary for dorsoventral coordination in 90% of the solutions and sufficient in 78% ( Figure 9B) . Unsurprisingly, the VD→VB chemical synapse was always essential, since no other path to VB exists in the repeating neural unit.
However, two paths exist to VA: through the VD⊢ ⊣VA gap junction and through the VD→VA chemical synapse. As in the best circuit, 64% of the solutions relied on the electrical connection, whereas the chemical synapse was necessary 46% of the time (some relied on both). Finally, VD was bistable in only 20% of the solutions, suggesting this feature is not essential. Therefore, the minimal functional subcircuit takes two forms in the ensemble, with the only difference being the type of connection from VD to VA.
Fine-tuning the pattern. In the best circuit, the connections VD→VA and DA⊢ ⊣VA played an important role in fine-tuning the locomotion pattern. In the ensemble, 46% of the solutions also depended on the VD→VA chemical synapse for fine-tuning. However, 95% of these solutions performed well without the DA⊢ ⊣VA gap junction, suggesting that the best circuit's use of it may have been unusual. Otherwise, the remaining connections also made only minor contributions to the solutions in the ensemble: VA→VD was unnecessary in 75% of the solutions, DA→VD was unnecessary in 76% of the solutions, DB→VD was unnecessary in 99% of the solutions, and the VD⊢ ⊣VD and VB⊢ ⊣VB gap junctions were always unnecessary ( Figure 9C ).
Minimal functional subcircuit present in connectome.
It is important to recall that the repeating neural unit upon which we based our model (Figure 1) is only a statistical summary of the VNC [16] . How well do the key components that we have identified map onto the actual neuroanatomy? In order to answer this question, we examined the most recent reconstructions of both the hermaphrodite and male nematodes [21, 22] for the existence of the two forms of the minimal functional subcircuit found in the ensemble. We found that all of the key components of one of the forms of the minimal functional subcircuit occur together in three different places in the hermaphrodite ( Figure 10A ) and twice in the male connectome ( Figure 10B ). This includes the AS-DA-DB dorsal core oscillator, the AS→VD connection responsible for antiphase dorsoventral propagation, and the VD→VA and VD→VB connections that propagate the oscillation to the remaining ventral motorneurons. From this result, we make three main observations. First, although the most anterior instance aligns perfectly with the perimotor segmentation proposed by [16] , the other two do not: they include neurons across adjacent units of the VNC. This suggests CPGs might be occurring across the repeating neural units originally proposed. Second, the motorneurons in each of the three instances of the minimal functional circuit innervate muscles that are relatively close to each other. Such an alignment could provide a solid foundation for driving movement within a significant segment of the body. Finally, altogether the three subcircuits innervate muscles spanning the full anterior body (Figure 10 ). This makes sense given the important role that stretch receptors have been shown to play in propagating the wave posteriorly during forward locomotion [5] .
Discussion
In this paper, we demonstrate that VNC CPGs are possible given what we know about the neuroanatomy and neurophysiology of C. elegans. Thus, the existence of intrinsic oscillations should not be discarded based on either further evidence of the role from stretch receptors or from arguments about the lack of potential neuroanatomical structure. Furthermore, we show that, given the connectivity and physiology available to the worm, it is possible to reproduce not just oscillations, but activity that matches some of the most salient features of forward and backward neural traces as have been observed experimentally to date [13, 17, 20] , including dorsoventral out-of-phase activity, backward/forward A-/B-class dominance, and transitions between forward and backward oscillations.
Analysis of the best evolved circuit revealed a dorsal core subcircuit composed of an AS, a DA, and a DB motorneuron, altogether responsible for the generation of the oscillation.
Through the use of our optimization methodology, we also revealed a number of different motifs in which the dorsal core oscillator could be instantiated. Although much less common, there were two other kinds of solutions found in the ensemble that were different from dorsal core subcircuits: solutions that generated oscillations through a ventral core comprising VA and VD; and a solution that required all motorneurons except AS and DD to produce oscillations.
Our analysis also revealed a minimal functional circuit which included a VD, a VA, and a VB motorneuron in addition to the dorsal core, which exhibited all the main features observed in the worm's neural traces. Interestingly, analysis of the ensemble of successful solutions revealed that the minimal functional circuit was one of the most common solutions. Based on our findings from the model, we returned to the connectome reconstructions and found multiple instances of this subcircuit in the hermaphrodite and male.
Given the existence of subcircuits in the VNC capable of producing backward-forward oscillatory activity, our model makes a set of testable predictions for the worm. Short of being able to suppress stretch receptor activity during locomotion, to see the extent to which the worm can move forward, one of the key experiments that emerge from our analysis is to selectively suppress activity in dorsal-only or ventral-only motorneurons. Based on the role of the dorsal core subcircuit, our model suggests that suppressing only ventral motorneurons would have a smaller effect than suppressing only dorsal motorneurons. A second key experimental effort involves characterizing the physiology of the AS motorneuron. If a dorsal core is present in the worm, then our model suggests AS is likely to be a bistable motorneuron [18] , but not DA or DB. A third key experiment involves disrupting the chemical synapse from AS to VD. Regardless of how oscillations are generated, if the pattern of activity is present in the dorsal motorneurons, our model suggests it can be spread to ventral motorneurons through the connection between AS and VD to produce dorsoventral antiphase patterns of activity.
Finally, based on our analysis, network oscillators are most feasible in the anterior portion of the VNC. Although further investigations would be required, our evolutionary experiments did not identify a CPG subcircuit in the posterior half of the VNC. In the theory-experiment cycle, results from additional experiments in the worm will help add additional constraints to our model.
Ultimately, understanding how neural circuits produce behavior requires an understanding of the complete brain-body-environment system [23] . In the current model, only motorneurons were modeled. In the worm, these motorneurons are connected to the muscles through known neuromuscular junctions, which in turn drive the worm mechanically to produce thrust against the surface of its immediate environment. For any of the solutions revealed in our study to drive locomotion, the strengths of the neuromuscular junction would have to be tuned to effectively modulate the muscles. 
